Abstract. This paper aims at analyzing particularities of the Brazilian electric system and at evaluating the potential contribution of thermal power plants targeting at its higher reliability. In special, the aim is at analyzing the potential contribution of thermal power production from residual sugarcane biomass, comparing this option with other options of thermal power production, in the actual peculiar context in which hydroplants start to be built in the Amazon area with little reservoir capacity. An analysis of the energy inflows behavior and Brazilian hydro power system regularization capacity is conducted in order to emphazise the need for having a good quality thermal power expansion. The focus on power production from sugarcane residues is explained due to the existing untapped potential (3-4 times higher than the installed capacity, considering the current availability of biomass) and the existing window opportunity due to the expansion of sugarcane industry in Brazil (mostly for ethanol production).
INTRODUCTION
The development of Brazilian electric sector is somehow blended with the history of big dams built in the country. According to data made available by ONS (National System Operator), the institution that is responsible for the management of the interconnected system and the dispatch of the power plants, in a total of 161 hydroelectric power plants in operation or listed to enter into operation in the next five years, 30 (or almost 20%) are above 1,000MW of capacity. Moreover, in recent years the share of hydroelectricity has not been down from 85% of the total annual generation, even considering the low flexibility of some thermal power plants (e.g., nuclear) and dispatches for electrical purposes (ONS, 2009a) . See fig. 1 and table 1 for structure of Brazilian installed capacity.
In fact, thermoelectricity had only a marginal participation in the history of electricity generation in Brazil, always submitted to hydro power plants operation, apart from isolated systems mainly located in the Amazon area, which accounts only for 3.4% of Brazilian generation needs and where fossil fuel thermoelectricity is almost the full responsible for energy supply (ANEEL, 2008) .
When the MME (Brazilian Ministry of Mines and Energy) took the first steps through an interconnected operation of hydropower plants in the late 60s, thermal power plants served as a complement for local systems to cope with transmission constraints and face some eventually prolonged drought. In the end of 1973, the Fuel Consumption Account (CCC in the Portuguese acronym) was created to ensure the division of costs with the purchase of coal and oil products for thermal power generation. The use of thermal power was then subordinated to the overall system with the apportionment of the fuel costs among all utilities proportionally to each market (Cachapuz, 2006) . So far, thermal power plants have been mostly operated targeting the management of the hydroelectric's reservoirs, in order to assure high availability of supply and lower generation costs, and also for providing electrical network services, mainly during peak hours. Jan-2008 (ONS, 2009c .
According to the Center for Brazilian Electricity Memory, the evolution of electric generation installed capacity in Brazil between 1962 and 1989 was marked by an extraordinary increase, from 4,900MW to 48,900MW, while the predominance of hydroelectricity has become even more pronounced. The weight of the thermal power installed capacity decreased progressively from about 25% in 1962 to only 10% in 1989 due to the lower cost of hydroelectric generation and the remarkable progress of system interconnections (see fig. 2 ).
The two Brazilian nuclear plants were built in 1985 and 2001 rather for strategic reasons than for meeting demand needs. Coal generation in the South was kept to use coal and make viable mining activities which have its local economic importance. In addition, although cane industry is very traditional in the country, biomass (bagasse) burning for electricity generation was used only for self supplying in the ethanol and sugar plants, the most part was not even connected to the main grid. Furthermore, the use of thermal-based oil and diesel fuel generation was restricted to a maximum due to the high increase in international prices of oil in the 70s. In the early 90s, almost 90% of the generating capacity of the utilities was from hydraulic origin. In 1990, 96.8% of total energy estimated at 26.8GWmed was produced by hydro power plants, with one fifth of that generated only by Itaipu (Cachapuz, 2006) .
It was also in the decade of the 1990s that the Brazilian electric power sector found itself deeply plunged in a financial crisis. Bajay (2006) presents an analysis of institutional evolution of the energy supply industry in the country; the main steps that led to reform and partial privatization of electric sector industry were shown. It was characterized mainly by the unbundling of generation, transmission, distribution and trading activities, introducing of competition in generation and trading activities, open-access to the network and adoption of a new institutional framework with independent sector regulation (Bajay, 2006) .
However, the reform and other actions took by Government was not able to avoid an electricity supply shortage in 2001 which was caused to a great extent by delays in generation and transmission projects due to underinvestment, in accord to conclusions from the report by the commission set by the Ministry of Energy to analyze the electricity shortage causes (Cachapuz, 2006) . In order to face shortage and avoid blackouts, a power rationing program was put into effect from June 2001 through March 2002, resulting in a big electricity consumption reduction (see fig.1 ). In addition, many efforts were taken to bring some generation and transmission facilities online ahead of schedule.
The circumstances involving the electricity supply shortage in 2001 would completely change the context on which thermal power plants were inserted in the Brazilian electricity sector. This is for two main reasons:
Figure 2: Evolution of thermo power capacity in Brazil until 1999 (Cachapuz, 2006) .
1) The launching of PPT (Priority Program for Thermo power plants) by the Ministry of Energy: in September 1999, emergency measures were announced to facilitate the increase of electricity supply in short term. As part of this, the government promoted a reduction in the average price of natural gas for thermoelectric generation, in order to match the price of this fuel with the normative values for electricity established by regulatory agency (ANEEL). A decree issued in February 2000 officially established the PPT. The program afforded conveniences to entrepreneurs for thermo power plants construction using natural gas as fuel. It was provided assurance of gas supply for up to 20 years, normative prices for the electricity produced and access to special financing lines. In the act of launching the PPT, many companies have signed the memorandum of commitment to the construction of thermoelectrics for the addition of 17,000MW to the electric system by December 2003. The implementation of the program was hampered by many obstacles related to the adjustment of the price of gas, the exchange risk, the conclusion of long-term contracts for electricity sale, the delay in obtaining environmental permits and the shortage of gas turbines in the markets. To offset these difficulties, the government decided to focus on 15 projects of PPT, almost all with the participation of Petrobras, the oil supply federal government-owned company. In the triennium 2003-2005, the thermoelectric generation capacity had an increase of approx. 4,400MW, resulting in the most part from the businesses supported by PPT. In June 2005, there were 22 members of the PPT in plant commercial operation, with combined capacity of 7.7 thousand MW, including co-generation facilities and one thermo power plant operating outside the interconnected system (Cachapuz, 2006) .
2) The bulk of untapped hydropower potential is located in the northern area, and more specifically in the Amazon area: there is a culture that has been developed in Brazil along decades, with focus on large hydropower plants, however, the untapped hydropower potential, which is equivalent to about 180GW, i.e., about 70% of the total estimated potential, is mainly located in the Amazon area. Already in 1993, analysts from government bodies issued a national plan for long-term energy, known as Plan 2015 (ELETROBRAS, 1994) . The plan considered the option hydropower as the main alternative of expanding the Brazilian electrical system by 2010, taking into account the large hydroelectric potential still available on the Amazon area. The authors identified the need for a program of large thermoelectrics from 2005, based on thermo power plants using coal and nuclear in case environmental restrictions prevent the hydroelectric projects in Amazonia. In fact, due to high controversial environmental and social aspects and also due to the higher predicted total costs, dragged for the most part by transmission facilities; the potential has restrictions as to being used in a large extent. Recent auctions for building two hydroelectric power plants in that region (both now under construction) were contentious and their capacity was drastically reduced in order to minimize environment impacts caused by the reservoirs. Figure 3 shows the evolution of the relative capacity of hydro and thermo based generation capacity in Brazil indicating the change in the expansion profile of electric generation in the country. This tendency is likely to be reverted when the new hydro power plants built in the Amazon area start to come into operation by 2012. Nevertheless, things will never be as before, big dams in the Amazon will not have the same features as their counterparts in the South. The main difference is not in size: the project of Santo Antonio and Jirau, in Madeira River, are above 3,000MW each and the capacity of Belo Monte in Xingu River amounts to over 11,000MW, becoming the biggest all-national hydro plant. The difference will be on the reservoirs, i.e., in regard of the regularization capacity. This shall have a main impact on thermo power plant roles inside the interconnected system. As long as the new hydroelectric power plants will have a low regularization capacity (due to the smaller size of reservoirs), it is predicted that thermal power plants will become more important in the years to come, and also the question of thermal power production quality acquires special significance, as it will be discussed next. This remarkable predominance of hydroelectricity in the interconnected national grid in Brazil is combined with the unpredictability inherent of a tropical rain pattern that drives the flow of rivers. In this context, the generation in thermal power plants is seen in the same way as the reservoirs of hydroelectric plants: an important way to gain secondary hydraulic power.
REGULARIZATION CAPACITY OF RESERVOIRS IN THE BRAZILIAN ELECTRIC SYSTEM
The temporal variability of stream flow naturally drives the occurrence of excess water in wet periods and scarcity in dry periods. The existence of reservoirs is the only way to guarantee water reserve formation during the wet period to be used as demand complement in the dry period. As the flows are random in the long run, there is no possibility to have exact prediction for the reserve size needed to supply water demand for hydro power plant in the future. Moreover, the difference of water inflow between wet and dry period may be quite high, especially in Amazon area. In fact, while big dams in the Southern region like Itaipu count on about 7,650m 3 /s in average for dry period and 13,600m 3 /s for wet period (1.7 times more), for Tucuruí, located in the North and the biggest all-national hydro plant in operation, the difference between mean water flow for dry and wet period reaches 3.3 times, 5,660 and 18,530m 3 /s respectively (ONS, 2009b) .
Nowadays, the operation strategy of the system adopted by ONS is calculated to define the proportion of hydro and thermal generation that will be used to meet demand in each month of the five-year planning period. This calculation goes through an optimization model which uses stochastic dynamic programming techniques. The objective function is to minimize the expected operation total cost in five years, which is composed by water inflow opportunity cost for the coming months within planning period plus thermal generation cost, and plus penalties for failure in load supply. The opportunity cost of water is named future cost and depends upon multi-annual evolution of reservoir storages, the risk of future energy shortages and the consequent thermal generation usages. A model called "equivalent reservoir" is employed, which consists in an aggregate representation of the hydro system. For each month, ONS uses a computer program called NEWAVE in order to calculate the operation strategy. For a description of the optimization algorithm, see Pereira and Pinto (1984) and Pereira (1989) ; and for criticism and alternative approaches, see Soares and Caneiro (1991) and Martinez and Soares (2004) .
Analyzing the main aspects about the way the Brazilian interconnected system has been operated is a challenging task which goes beyond the scope of this paper. As previously mentioned, the objective of this work is to analyze the insertion of thermoelectricity in the Brazilian electric system operation within a long term vision. As long as thermo electricity works as a complement of hydro power plant, the behavior of water flow, reservoir operation and regularization capacity will decisively affect not only the thermo power dispatch of existing plants but also the guidance of thermo power expansion.
Basics on energy reservoir dimensioning for Brazilian system
The energy storage capacity of the "equivalent reservoir" corresponds to the energy that can be produced by the complete depletion of all the reservoirs, for a given set of initial volumes and assuming a simplified operation rule. Similarly, the water inflow to the real system is represented by aggregate energy inflows, which are separated in controllable and run-of-river energy inflows. Figure 4 shows the 2008 average of supplied load (I), energy flows (II) and storage capacity (III) for all four subsystems considered by ONS and fig. 5 shows basic statistic description of energy inflow from 1931 to 2007 (ONS, 2009b . Those data are available to the public and will be used here in order to facilitate the reproducibility of calculation and results.
Using historical data of energy flows, it is possible to perform calculation on the size of reservoir. This approach is named empirical by hydrology manuals (Gomide, 1983) (Tucci, 1993) . The direct use of historical data is the basic difference between empirical and experimental (or analytical) approaches, as the latter works with synthetic series. In fact, empirical approach is limited because the probability of reproduction in the future of the same past inflow sequence is virtually nothing. However, it has still application since it offers a comprehensive and reproductive picture for reservoir dimensioning.
The optimum size for a reservoir should be considered in terms of a compromise between the cost of investment in its implementation and the cost of energy scarcity during the dry periods. The lower the useful capacity of accumulation the more likely is the occurrence of rationing. It seems in Brazil, as it may also be true for other countries, that energy rationing cost is too high to be paid by any government as it has undefined political costs apart from economic implications which are cascaded to almost all sectors of society. Nonetheless, it does not mean that the construction of a reservoir with a size large enough to supply all time demand is possible or desired. Moreover, it is obvious that the capacity of accumulation is only useful in practice if there is enough inflow during wet periods to make the reservoir full. Making the problem of reservoir size calculation a little more complex, demand may be uncertain in time and losses on reservoirs may occur like evaporation, leakages, etc.
At this point, it is necessary to define some basic concepts: 1) Regularization level is the ratio of the average demand to average natural inflow into the reservoir, when this ratio is equal to one, it is said that the regularization is complete, otherwise the regularization is partial, when the ratio is less than the unit. In Brazilian interconnected system, the long-term average for energy inflow is 54,917MWmed; for dry and wet periods the mean values are 38,457 and 77,576MWmed, respectively. It indicates that energy inflow data are skewed right as indicated by the cumulative frequency curve shown in figure 5 . If the 2008 mean value of 50,998MWmed is taken as system demand the regularization level will be 1.08, slightly above unit, meaning that it is possible to find a size for hypothetical reservoir that would be able to deliver complete regularization for the system, although there would not be enough water to be stored in this reservoir before 1956, as will be shown in the next item.
2) Regularization curve is obtained by plotting the mean values for system load versus the recommended size of reservoirs. Repeating the procedure for sizing the reservoir for various levels of regularization, or for various values of demand, it is possible to obtain distinct results. It is practicable to have probability distribution curves for regularization level by using different energy inflow series of data. The next item will show some regularization curves for the Brazilian interconnected system.
3) Critical period is the period of minimum inflow when the storage of water is used off, completely emptying the reservoir. It may be different depending on the demand to be supplied.
Historical regularization curves for Brazilian system
Since the interest of the analysis being conducted in this paper is to track thermal generation and expansion, there will be considered no limits in the interconnection of submarkets which, in practice, means that all the energy generated in each submarket can be transmitted to the others according to operational optimization results. This allows for having the whole system being operated as a single reservoir receiving the total energy inflow. The interconnection of Brazilian submarkets makes it possible to transfer energy from a submarket that has more water inflow to another one whose thermal generation is about to be used due to lack of water for hydro power plants. In this way, fossil fuel can be replaced for a free resource represented by water. Mainly, during wet period in one or more submarkets (South submarket has not a well characterized wet period), technical transmission limits may hinder the transfer of water in the Suppose one wants to find the smallest reservoir capacity that is enough to supply the large constant demand for a given period. The mass conservation equation for the reservoir will be:
where S (t) is storage in the beginning of the interval t; q(t) is the inflow during interval t; D is the demand to be supplied; E(t) is evaporation from reservoir during interval t; P(t) is the rain dropped over reservoir during interval t. S(t+1) cumulative value is named adjusted partial sum by hydrology manuals (Gomide, 1983 and Lanna, 1993) .
Using a simplified version of this equation by diminishing from inflow the losses and gains of reservoir, it is written:
where S o is initial storage and N is the number of interval; Applying the analytical method (Tucci, 1993) over historical series for Brazilian system which puts (q(t) -D) as analytical inflow and makes S o = 0 and S(t) = 0 when S(t) > 0, the maximum deficit represents the useful volume necessary to regularize the constant demand D. Figure 6 shows the adjusted partial sum for Brazilian system considering the 2008 average of supplied load as demand and fig. 7 sketches the necessary volume of energy to regularize the same demand.
Observing the graphic line in fig. 6 , it is possible to have an idea of the quantity of energy in the form of water entering the energy system, especially in the early 80s. The negative values attained in the year of 1956, with the minimum of -87.5GWmed in November, indicate that there would not be enough water in the system before this date to supply the demand of 51GWmed. In fact, the long term energy flow average up to Nov/1956 is 50.7GWmed, giving the regularization level the value below the unit, which means partial regularization for that period, as mentioned above. Another point is about the critical period. Figure 6 gives a clue that the period of minimum inflow is from the end of 40s up to 1956. This is also shown in the fig. 7 . Actually, the Brazilian historical critical period for interconnected electric system starts in April/1949 and ends in the beginning of the wet period of 1957, which is in Nov/1956, lasting for 7 years and 7 months. The procedure for reservoir dimensioning based on maximum deficit, which throws off water overflow when it occurs, as described above, tells that the necessary volume to overcome critical period is 761. As long as the operation performed by ONS is currently planned for five years, the worst five-year historical series are inside the critical period. Figure 8 presents the results for the maximum deficit procedure applied with the sequence of inflow historical series and fig. 9 the regularization curves where mean values for system load versus the probability distribution of the recommended size for reservoirs are shown. Actual reservoir capacity is also indicated in fig. 9 , giving a period of 17 month for first demand deficit occurrence. Figure 9 gives also an idea on the variability of the five-year historical series; actual reservoir capacity provides five-year regularization level for 51GWmed demand for the most part of them. By taking the distribution of the series, it is possible to find different sizes for reservoirs and the probability of success of the recommended size in relation to the five-year series average, as shown in fig. 9 . It is stated that, according to maximum deficit accumulated procedure, the actual size of Brazilian system reservoir is able to regularize the demand of 44.26GMmed, with 96% success probability. In addition, considering the actual 2008 demand of 51GWmed, the reservoir should hold the volume of 637.27GWmed in order to guarantee the regularization level equals to the unit, with a probability of success of 76%.
It is interesting to point out that the demand maximum value for the 77 five-year historical series is 74.55GWmed and, for this number, the reservoir volume capacity should be almost 2,300GWmed. Above that, the global regularization level for five year would be below unit.
Notice that no thermal generation is considered at all, which gives an unrealistic picture of current interconnected electric system operation. In the next item, the presence of thermal generation and the effect of different kinds of power production will be analyzed, especially from sugarcane industry whose untapped potential (3-4 times higher than the installed capacity, considering the current availability of biomass) represents an existing window opportunity due to the expansion of sugarcane industry in Brazil (mostly for ethanol production). 
THE EFFECT OF THERMAL POWER GENERATION IN REGULARIZATION CAPACITY
A comprehensive way to track the insertion of thermal generation inside the interconnected Brazilian system under the framework presented here is to consider the amount of thermal generation by simply decreasing it from system demand. In this case, it goes as if moving to the left on the fig. 9 line graphs. As a result, thermal power generation added to the system leads to an increase of regularization capacity and drops the probability of electricity deficit inside the five year operation planning. This effect was already expected.
However, going deeper into the problem, the question of the quality of thermal power insertion is raised. Thus, because of water inflow variation and its weight on the Brazilian electricity production, thermal power generation is most needed during dry seasons, between May and November. Consequently, the more suitable the thermal generation the more is its capacity of being flexible in the complementation of water inflows. Actually, during the year of 2008, when thermal power production reached the highest monthly production value ever recorded for Brazilian system (5.76GWmed, in 2007 this value were 3.42GWmed) (ONS,2009b) , ONS has proposed new methodologies of operation in order to guarantee thermal production during dry seasons (Canal Energia, 2008) .
Brazilian system and the quality of thermal power expansion
The amazing quantity of energy in the form of water coming into Brazilian electrical energy system presents for consideration the matter of being prepared to take advantage of this free resource. The minimum value for energy inflow ever registered is 9.12GWmed in Sep/1969, which amounts to almost the total of thermal energy contracted by Brazilian consumers in 2008 (ANEEL, 2008 . If it is necessary to be prepared to face sequences of low energy inflows, the existence of high inflows, and even medium ones, which are fortunately a significant part of the total (see fig. 5 ), requires also planning and preparation to make benefit of them. Indeed, the new methodologies proposed by ONS allow Figure 9 : Five-year operation regularization curve shows the reservoir size for some values of demand. The percentage of historical series average whose regularization level is below unit is shown in the right axis.
Figure 10: Regularization capacity vs. thermal generation shows the effect of thermal power production on system regularization capacity in months. Demand is supposedly constant. the operator dispatch thermal power plant outside contractual rules and in regard to only the amount of energy flow and the level of reservoir during dry seasons. It is a suitable proposition to hedge against electric demand deficit that indicates the kind of thermal power production most desired in order to avoid waste of fuel and energy in the form of water overflowing during wet periods, although it does represent an overcost to consumers besides contractual ones. Figure 10 shows the effect of thermal power insertion over the regularization capacity of Brazilian electric system according to the framework that has been presented in this paper. As it would be expected, thermal power production causes an increase in the regularization capacity. The five year operation overpasses the worst historical series when continuous monthly thermal power generation is above 10.50GWmed.
While fig. 10 does not take into account when thermal power is produced, fig. 11 wants to show the different manners this power is inserted. The graphic bars of fig. 11 were plotted with thermal power being produced continuously and only during dry season. On the y-axis, it is shown the difference in the maximum value of energy inflow partial sum as it was built in fig. 6 . As partial sum indicates the quantity of energy accumulated and there is no way to store more energy than the maximum reservoir capacity, the higher the value of partial sum the larger are the quantities of energy overflow. The same amount of thermal power production in fig. 10 was used and, at this time, system demand is supposed to have a 5% yearly growth.
Hydro power expansion in the Amazon area
As mentioned in the introductory item, Brazilian hydro power expansion tends to be quite different from what it had been by now. There will be little or no regularization capacity added since the hydro power plants will operate as runof-river plants. Of course, average energy inflow will have significant increase following electrical demand growth. However, for the Amazon area, the variation between energy inflow in wet and dry seasons is quite large. As an example, recently approved projects for the Madeira River power plants count on mean water flows of about 34,600m 3 /s in March, almost in the end of wet season, and only 5,360m 3 /s in September, during dry season, a difference of over 6 times.
What one is trying to explain here is that the kind of thermal power production most suitable for complementing the new hydro power assemblage is the one which is also prepared to absorb high energy inflows from Amazonic rivers, saving fossil fuels and improving the quality of energy produced inside the Brazilian energy system. Totally flexible natural gas and sugarcane biomass seem to be the best energy sources for thermal production in the presented new Brazilian energy system context.
Biomass potential for thermal power production
Sugarcane biomass thermal production occurs basically during wet season when sugar cane harvesting takes place. The actual installed capacity of thermal production is over 4GW (ANEEL, 2008) . The existing untapped potential of 28GW and the window opportunity due to the expansion of sugarcane industry in Brazil (mostly for ethanol production) makes sugarcane biomass a suitable energy source for thermal expansion, matching with hydro power expansion tendency. Electric generation with sugarcane biomass contributes to preserve the reservoir levels during dry season, mainly in the Southeast and West center region, playing the role of base thermal expansion. In the wet season, the energy system is prepared to receive the high levels of energy inflows from Amazonic hydro power plants. This dynamics of hydro and thermal power complementation avoids logistic problems that are part of fossil fuel thermal power plants reinforced by the large variability of energy inflows. The comparison of energy overflow shows the total difference between maximum energy overflow for various monthly thermal production levels in five-year operation considering two regimes: only during dry season and continuous . Demand growth is supposedly 5% per year.
CONCLUSION AND FUTURE WORK
The expansion of electricity generation capacity is plunged into a new context nowadays as society is more concerned about air pollution, biodiversity preservation, global warming and other environmental and social issues. Brazil still has the cleaner energy matrix in the world but its energy demand is growing fast. The remarkable Brazilian hydro power potential is one of the responsible for this clean energy matrix and also for energy independence of the country.
However, the decrease in the amount of projects for hydropower generation and the consequent decrease in the proportion of hydraulic installed capacity in the interconnected system, observed in auctions of energy promoted by the Ministry of Energy, has led conventional thermal power production to a situation until now unprecedented. In the last auctions for new power capacity, thermal power plants fueled mainly by fuel oil, but also coal and natural gas, have had large advantage. These results are controversial as Brazil is moving in the opposite direction of most countries that are making efforts in order to have their energy matrix cleaner. This has brought changes in regulation and in the vision of actors, entrepreneurs, regulators, government and society in general, considering also the perspectives of hydro power expansion in the Amazon area.
This paper wanted to follow the evolution of thermal electricity generation in Brazil and its role as a hydro power production complement. Thermal power production will be as important as ever when the hydro power potential of Amazonic rivers jumps into the field. The ability of thermal power expansion of taking advantage from high energy inflows during wet season appears to be a big concern. It seems the contractual rules for thermal power production are not able to truly distinguish between the productions in wet or dry seasons.
Sugarcane biomass thermal power generation seems to be the main option for base thermal power expansion. Flexible natural gas generation and the existing conventional fossil fuel generation still have an important role when energy flows presents itself as especially low in wet periods. The potential of power production from residual biomass (mainly residual biomass from sugarcane) is meaningful but the regulatory environment has been inadequate for fostering this potential. Future works could investigate how to capture the quality of thermal power production insertion in the hydro power production system in terms of commercial advantages in order to foster the production of sugarcane biomass electricity.
